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1 Introduction
Due to the growing concern regarding our ﬁnite material
reserves, traditional views on waste management have
changed from European Union (EU) policies mainly
focusing on reducing the environmental and health impacts
of waste to recognise it as a valuable material reservoir [1].
In line with this trend, recycling plays a primordial role in
the European strategy towards a more resource efﬁcient
future [2]. Recycling has the potential to reduce the
environmental impact (EI) of mining and primary material
production [3]. However, it is important to note that the
avoided EI strongly depends on the material, the end of life
(EoL) source utilised and the applied recycling process [4].
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H I G H L I G H T S
•A methodology to assess WEEE recycling
performance is presented.
•MFA and Economic and Environmental evalua-
tions are performed for LCD TVs in Belgium.
• Ferrous metals and aluminium have high recy-
cling rates.
•Recycling of precious metals and plastics can
improve substantially.
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G R A P H I C A B S T R A C T
A B S T R A C T
Waste of electrical and electronic equipment (WEEE) constitutes one of the most relevant waste
streams because of the quantity and presence of valuable materials. However, there is limited
knowledge on the resource potential of urban mining WEEE, as data on material composition, and the
efﬁciency of current recycling treatments are still scarce. In this article, an evaluation of the recycling
performance at a national level for one of the fastest growing e-waste streams: LCD TVs is carried out
through the following four steps. Firstly, material characterisation is performed by means of sampling
of the waste stream. Secondly, a material ﬂow analysis is conducted by evaluating the separation
performance of a recycling plant in Belgium. Thirdly, the recovered economic value and avoided
environmental impact (EI) of the analysed recycling system is assessed. Finally, the potential of urban
mining for Belgium is forecasted. The analysis shows that while recycling performance for ferrous
metals and aluminium are relatively high; there is substantial room to better close the material loops for
precious metals (PM) and plastics. PMs and plastics account for 66 % of the economic value in LCD
TVs and 57% of the EI. With the current, commonly applied recycling technology only one-third of the
PM and housing plastics are recycled; meaning that for these materials, at a national level for Belgium,
there is a potential for improvement that represents 3.3 million euros in 2016 and 6.8 million euros in
2025.
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Moreover, recycling creates business opportunities; it is
estimated that there are over 60 000 companies and around
1.5 million people are employed in the waste management
and recycling sectors across the EU28 [5,6].
Unfortunately, increasing product complexity poses
major challenges for recycling. Dahmus and Gutowski
show that recycling rates are signiﬁcantly affected by the
level of material complexity of products [7]. One of the
waste streams with the highest material complexity is
waste of electrical and electronic equipment (WEEE). With
a global estimation of 20 to 50 million tonnes of annually
discarded WEEE [8, 9] and an increase of roughly 11%
between 2008 and 2014 in Europe [2], e-waste is
considered one of the most pressing environmental
problems [10]. Unfortunately, WEEE treatment still
represents a technical challenge due to the presence of a
complex mix of materials [11]. According to Widmer et al.
e-waste contains more than 1000 different substances, of
which many are hazardous, while others have considerable
market value [12,13]. Zen and Li argue that the
recyclability of EEE depends on the types, quantities and
grades of the materials present in the products [9].
Several laws and directives have been enacted to
regulate the EoL treatment of products and set minimum
targets for collection and recycling. In Europe, the
treatment of e-waste is governed by the WEEE Directive,
which is transposed into national legislation by the
member states. The main aim of this directive is to reduce
the generation of e-waste and to optimise the EoL
treatment of this stream to cope with environmental
constraints and resources depletion [14]. This directive
sets mass-based targets for collection, recycling, and
recovery of WEEE; deﬁning recycling as the reprocessing
of a waste material for the original or other purposes; and
recovery as the use of combustible waste as a means of
generating energy through direct incineration [15]. In June
2012, a recast of the WEEE Directive was adopted by the
European Council, in which the mass-based targets for
collection, recycling and recovery were tightened [16].
Current mass based targets have been criticised and seen as
an incomplete evaluation of resource sustainability [17],
promoting the recovery of materials present in large
amounts, like Ferrous metals, while neglecting other such
as precious metals (PMs), which exist in small quantities
but have signiﬁcant environmental and economic value
[18].
Furthermore, despite recent investigations [19,20] there
is still limited knowledge on the material composition of
WEEE and its evolution, as well as on the efﬁciency of
current recycling treatments [18,21,22], which hinders the
estimation of the resource potential of urban mining.
Within this context, a better understanding of the present
efﬁciency of EoL recycling treatments, which not only
accounts for the mass of the materials but also for the
economic and environmental relevance is fundamental to
identify the potential for urban mining. To this end, in
addition to the recycling efﬁciency, the expected material
input has to be forecasted to establish at a national level the
resource potential of a waste stream and to identify room
for improvement of the current recycling system.
The shift from cathode ray tube (CRT) to liquid crystal
display (LCD) televisions is a relevant technological
change. LCD TVs constitute one of the fastest growing
waste streams [23]; it is estimated that by 2020, 399 000
tonnes of waste LCDs will be generated in Europe [24].
The total number of LCD televisions put on the European
market (EU25) until 2010 represents a mass of 1.5 million
tonnes [25], whereas recycling processes for this waste
stream are still under development. Among LCD TVs,
taking sales before 2013 as a reference, 87% of these TVs
are LCDs [26], from which 72% utilise cold cathode
ﬂuorescent lamps (CCFLs) as backlight solution, contain-
ing hazardous mercury. The other 28% use light emitting
diodes (LEDs) that are mercury-free and more energy-
efﬁcient [14].
In this article, the evaluation of the recycling perfor-
mance at a national level is carried out through the
following proposed four steps. Firstly, product material
characterisation is performed by means of sampling of the
waste stream to establish the material composition to
obtain the economic and environmental potential. Sec-
ondly, a material ﬂow analysis (MFA) for the different
materials identiﬁed in the ﬁrst step is conducted by
evaluating the separation performance of the recycling
system. Thirdly, the actual recovered economic value and
avoided environmental impact of the analysed recycling
system is then calculated. Finally, the potential of urban
mining at a national level is forecasted via a distribution
delay input-output model. This methodology is applied to
the e-waste stream LCD TVs as a case study. Ultimately,
the evaluation is put in perspective for Belgium.
2 Materials and methods
2.1 Liquid crystal displays
LCD TVs have a layered construction; the back cover is
mostly screwed to the front cover, thus enclosing the
intermediate layers. It is further screwed centrally with
about four screws to the metal casing. The stand is located
on the back cover, normally screwed to the metal casing,
with its screws going through the back cover. The
backlight system can be located on the sides of the display
or behind the screen as an array of lamps. LCD televisions
with CCFL backlights have an array of up to 22 lamps
behind the screen. On average each of these lamps contains
3.5 mg of mercury, which is neurotoxic and can be bio-
accumulated [27]. For CCFL backlights on the sides of the
display, a thick light guiding plate is needed to distribute
the light evenly over the display area, whereas the light
guiding plate can be thinner for TVs using an array of
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lamps. The material utilised for the light guiding plate in
LCD monitors and LED televisions is predominantly
polymethylmethacrylate (PMMA). In addition, the LCD
module contains two or three optical sheets to diffuse the
light of the backlight unit, which are assembled with a
metal casing and a plastic frame. On top of this assembly,
the actual LCD screen is located, consisting of glass and
liquid crystals. On the other side of the metal casing, at the
back of the TV, several Printed wiring boards (PWBs, also
sometimes called printed circuit boards –PCBs-) are
protected by a plastic back cover. Figure 1 shows the
different layers of an LCD TV.
PWBs in WEEE are important repositories of silver,
gold, and palladium. Gold is mainly found in the contacts,
bonding wires, and microchips; silver is found in the
solder, and palladium in capacitors. Normally, three types
of PWBs are present in an LCD TVs: the main board or the
so-called small signal board (SSB); the power supply; and
the timing control board or T-con. The SSB is used for the
access inputs and outputs (e.g., the High-Deﬁnition
Multimedia Interface (HDMI) interface) and the television
tuner, while the task of the T-con is to control the liquid
crystal display. Other PWBs can sometimes be identiﬁed,
such as those for audio or the screen buttons. A metal
casing sometimes protects the power supply and the SSB.
The presence of electrical energy sources in EEE has
introduced the use of ﬂame retardants (FRs) in housing
plastics. Accordingly, WEEE represents the largest ﬂow of
FR plastics in waste streams [29]. Regarding LCD TVs,
the share of FR plastics is expected to grow substantially,
since European legislation (CENELEC standard
60065:2002/A11) obliges the use of ﬁre-safe housings
from July 2010 onwards [30], which is mostly achieved by
applying FRs in LCD TV housings.
For this research 110 EoL LCD TVs from the Belgian
waste collection system were analysed. The average
weight of the analysed LCD TVs is 13.4 kg with a
standard deviation of 6.5 kg; the average size is 30.7 inches
with 6.3 inches as standard deviation. Based on the in-
mould indication of the production year, it was determined
that the average age of the TVs is six years, with a standard
deviation of 2.2 years. Ferrous metals account for about 35
wt% of the total weight, and plastics for 31 wt%, being the
housing the most relevant plastic component by weight
with about 20 wt%. The colour of the housing plastics was
mostly black, accounting for 65 % of the sample. PWBs
account for 8.9 wt% of the total mass.
2.2 Material characterisation
LCDs contain a complex mix of materials which makes
proper material characterisation challenging [31]. The
average material composition presented in this research
was determined based on the analysis of 110 EoL LCD
TVs from the Belgian waste stream during the period
2010-2014. Before disassembling, each TV was labelled
with a unique number, and the following information was
collected: type, brand, weight, screen size, and colour.
After manual disassembly, components were weighted, the
material type was registered and the production year and
plastic type were captured from the in-mould indication in
the back covers. Prior research indicated that plastic type in
components could be mismarked [32,33] and that data are
lacking about the concentration of plastics types and
Fig. 1 Layers of an LCD TV [28]
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additives present in speciﬁc waste streams. Therefore, a
combination of sliding-spark spectroscopy, Fourier trans-
form infrared, and near infra-red analyses were used to
determine the plastic type and FRs of the housing plastics.
For the different PWBs, the amount of gold, silver
palladium and copper was determined using laboratory
analysis with inductively coupled plasma–optical emission
spectrometry.
2.3 Economic and environmental assessment of materials
For the estimation of the economic value of components,
virgin material prices have been used to calculate the
maximum potential material revenue that is obtainable.
The commercial prices of virgin materials are based on
data available from regularly updated websites from sector
organisations. The EI per component is calculated utilising
the Life Cycle Assessment (LCA) methodology by using
the SimaPro 8 software, the database Ecoinvent v3, and the
ReCiPE H/A Europe method. The EI of virgin material
production is utilised to show the maximum potential
avoided environmental impact that can be achieved
through material recycling. Thus, no EI generated during
the recycling processes is included in this part of the
evaluation.
2.4 Description of the recycling chain
The WEEE chain comprises three main steps: collection
and sorting; pre-treatment, also called primary treatment;
and end-processing. For the collection and sorting in
Belgium, a single national collective scheme exists, and it
is managed by the nonproﬁt organisation Recupel. A
ﬁnancial contribution is requested for every product put on
the market, in the case of TVs a 1 EUR fee is paid by
consumers at the moment of purchase [14]. In Belgium
retailers are obliged by law to accept EoL products [34],
consumers can also opt to bring products, free of charge, to
municipal collection centres. Municipalities also organise
collection campaigns, which retrieve 56% of the total
collected WEEE [35]. For recycling, the collected products
are divided into ﬁve fractions: cooling and freezing
appliances, large white goods, televisions and monitors,
gas discharge lamps and other devices [18].
Due to boundary conditions including legislation, high
labour costs, and markets for secondary materials; in
industrialised countries, WEEE treatment is mainly based
on mechanical size reduction processes followed by
automated sorting at primary processing, and high-tech
reﬁning processes at end-processing [14, 37, 38]. The
primary treatment includes dismantling and mechanical
separation of material fractions. This step is crucial for the
recovery efﬁciency of the overall recycling chain, as it
determines the extent to which the materials are guided to
the appropriate end-processing treatment [36]. Therefore,
the processes of a pre-treatment recycling plant in Belgium
were thoroughly analysed. The recycling plant is WEEE-
LABEX certiﬁed and belongs to a large European
recycling group that operates in 4 countries and recycles
all WEEE categories, with a 57%market share in Belgium.
The group treats around 500 000 TVs and monitors per
year.
The analysed LCD FTV recycling plant also utilises an
automated, shredder based process. Figure 1 shows a
schematic overview of the processes at the recycling plant
and the destination of the different separated fractions for
end-processing.
The ﬁrst step in the treatment of LCD TVs consists of a
high-intensity shredding process in which mercury is
extracted and captured in an active coke ﬁlter. Following
shredding, the small fractions are sieved, and the rest goes
into a magnetic separator where the ferrous metals are
extracted. The next step consists in an eddy current
separator which removes the non-ferrous metals (e.g. Al,
Cu). The pieces of PWBs are further separated by colour
sorting that targets greenish fractions for PMs recovery.
Ultimately, the rest fraction is sent to a second plant which
performs density separation for plastic recycling. The ﬁnal
destination of the non-separated material fraction is
incineration with energy recovery.
The last step of the recycling chain is the end-processing
which further processes the separated fractions to obtain
secondary raw materials. The separated ferrous fraction is
sent to a steel smelter; the non-ferrous fraction is separated
by colour in two fractions and then sent to an aluminium
smelter and a precious metal reﬁnery. The density
separation process extracts ﬁrst the heavy fraction which
is metal-rich, and it is further dealt within a copper smelter,
the rest is processed to separate polystyrene (PS) and
acrylonitrile butadiene styrene (ABS); ultimately, the rest
fraction is sent to incineration with energy recovery.
2.5 Recycling process efﬁciencies
A broad range of technologies exists to achieve the
separation of the different materials from a waste stream
based on physical properties such as density, colour, and
magnetic properties.
In general, the pre-processing recycling system consists of
three main groups of operations:
Manual operations involving: product sorting, the
dismantling of EoL equipment and segregation of
components.
Liberation operations: size reduction of products by
means of, for instance, shredding or smashing.
Automated sorting operations using, among others:
size separation, electromagnetic separation, eddy current
separation, density separation, optical separation, electro-
static separation, and other techniques such as selective
dissolution by means of solvents and thermal separators as
well as hand picking.
Purity and yield (also referred to as grade and recovery)
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metrics are commonly used to evaluate the separation
efﬁciency of these processes [39]. These metrics originate
from the mineral processing industry, where separation
processes are used to extract valuable materials from the
unusable material. Purity or grade is the concentration of
the targeted material in the designated output stream. Yield
or recovery is the fraction of the targeted material correctly
separated into the designated output stream [40, 41]. In this
research, purity and yield are calculated using the Bayesian
separation model, initially proposed by Gutowski and
Dahmus [42]. The basic principle is that having a binary
material mixture of material t, the target material with mass
mt; and nt, the non-target material with mass mnt, the
concentration of t in the input I, is the probability of t,
represented as Ct,I , and the concentration of nt is Cnt,I .
Cnt,I ¼
mt
mt þ mnt
(1)
Cnt,I ¼ 1 –Ct,I
mnt
mt þ mnt
(2)
Given a process A that separates t and the compliment
Ac which separates nt, the following conditional prob-
abilities are deﬁned:
pðAjtÞ ¼ r (3)
pðAcjtÞ ¼ 1 – r (4)
pðAjntÞ ¼ 1 – q (5)
pðAcjntÞ ¼ q (6)
In the context of material recycling, probability r
represents the chance that the target material t is correctly
separated in the primary fraction (where the target material
is expected to be) and probability q that the non-target
material nt ends into the secondary material fraction
(where the rest of the materials are). These separation
efﬁciency parameters are obtained through experimental
trials or by means of process modelling; the following
equations are used to estimate r and q.
r ¼ mt,P
mI  Ct,I
(7)
q ¼ mt,S
mI  Cnt,I
(8)
Using the separation parameters r and q, it is possible to
calculate the mass of target and non-target materials in the
primary and secondary separated fractions via:
mt,P ¼ mI  Ct,I  r (9)
mnt,P ¼ mI  Cnt,I  ð1 – qÞ (10)
mnt,S ¼ mI  Cnt,I  q (11)
mt,S ¼ mI  Ct,I  ð1 – rÞ (12)
where:
P = Primary separated fraction
S = Secondary separated fraction
Ct,I = Concentration of the target material in the input
Cnt,I = Concentration of the non-target materials in the
input
mI = Total input material mass
mt,P = Mass of the target material in fraction P
mnt,P = Mass of the non-target material in fraction P
mt,S = Mass of the target material in fraction S
mnt,S = Mass of the non-target material in fraction S
Purity and Yield of the target material in the primary
fraction is calculated using:
Purityt,P ¼
mt,P
mt,P  mnt,P
(13)
Yieldt,P ¼
mt,P
mI  Ct,P
(14)
Note that purity and yield are speciﬁc to the analysed
separation method and material input. The efﬁcacy of this
model for predicting separation performance depends on
the accuracy of the probabilistic description of the
separation processes. Main assumptions are that the system
operates in steady state, and with ﬁxed operating
parameters [43]. The Bayesian model does not capture
the separation variability based on variation in particles
size and shape [40].
2.6 tonnes of LCD TVs were processed, and samples
were taken from every separated fraction and analysed to
construct separation tables of the different separation steps
of the primary treatment and then to calculate purity and
yield for all of them. The following material fractions were
analysed: Ferrous, Aluminium, PWB, Housing Plastics,
Internal Plastics, LCD Module and Wires. In order to
quantify the recycling rate of the entire recycling chain, the
efﬁciencies of end-processing are based on literature
[29,36,44–47].
2.6 Material ﬂow analysis
MFA studies the material ﬂow through a system which is
deﬁned in time and space using quantiﬁcation of inputs and
outputs. MFA is based on the law of conservation of
matter, which indicates that the total input and output
streams of a system have to be balanced. Its main goal is to
improve system knowledge to support decision-making.
MFA has demonstrated to be an effective technique to
support waste management by ensuring material trace-
ability, and more speciﬁcally to analyse ﬂows of EoL
products that are potential sources of materials [21,48–50].
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In this research, an MFA is carried out for the pre-
processing and end-processing of LCD televisions to
establish the material ﬂows through the WEEE recycling
chain. The material outputs were calculated utilising the
input material composition calculated as described in
section 2.2 and the separation efﬁciencies determined in
section 2.5 for the pre-processing steps; and separation
efﬁciencies from literature for the evaluation of end-
processing.
2.7 Recycling efﬁciency evaluation
The current mass-based recycling targets set by the WEEE
Directive have led to recycling optimisation efforts which
focus on minimising cost and meeting mass-based targets,
which is an incomplete evaluation of resource sustain-
ability. The main critiques of the current mass-based
targets approach can be summarised as:
The recovery efﬁciency of the entire recycling chain is
not included. Article 11 of the WEEE directive states that
“the achievement of the targets shall be calculated, for each
category, by dividing the weight of the WEEE that enters
the recovery or recycling/preparing for re-use facility , after
proper treatment in accordance with Article 8(2) with
regard to recovery or recycling, by the weight of all
separately collected WEEE for each category, expressed as
a percentage” [51]. This calculation in the WEEE directive
implies that impurities in output fractions are also
accounted as recycled. For instance, fractions containing
80% aluminium from a pre-processing recycling plant,
which are sent to an aluminium smelter, will be fully
counted as recycled. Nevertheless, the 20% of impurities
of this fraction are most likely not recycled [17].
The materials’ importance regarding among others
criticality, the difference in EI of mining, is ignored, since
recycling 1 kg of steel or aluminium results in the same
appreciation as recycling 1 kg of gold. However, for
instance, Wagner demonstrates that there is a factor 10 000
difference between the EI of the production of metals like
ruthenium, gold, palladium or platinum and the one of e.g.
aluminium [52]. In other investigation on mobile phones,
Huisman and Stevels conclude that, from an environmental
viewpoint, recycling PMs should be favoured over
plastics, despite the fact that plastics represent up to 50%
of the weight and PMs are only present in small
proportions [53]. Furthermore, even though WEEE con-
tains relatively high quantities of valuable materials such
as PMs and rare earths, the WEEE directive does not
promote the recovery of these important materials [54].
Nevertheless, PMs and special metals, which face supply
challenges, are relevant for clean and high-tech applica-
tions [55].
Material downcycling is not taken into account;
however, the reapplication of materials depends on both
purity of the recovered fraction as well as degradation of
material properties [25]. For example, secondary materials
may be reused for the same application, avoiding the
impact of mining the materials; or in a worst-case scenario,
they may be used as ﬁlling material for road construction,
only avoiding the extraction of stones.
Therefore, in order to overcome these issues, the
following evaluation scheme is proposed.
First, to assess the amount of material effectively
recycled (ER), the sum of weights of the target materials
in each output fraction divided by the total material weight
of the input is utilised, as described in Eq. (15). This
equation determines the extent of effective entry of
recycled materials into the secondary raw materials market.
ER ¼ Σ
m
i¼1M
í
i
Σnj¼1Mj
*100ð%Þ (15)
where:
m = Number of output fractions from the recycling
process, destined for material recycling
n = Number of materials present in the input of the
recycling process
Míi = Mass of target material in output fraction i
Mj = Mass of material j present in the input of the
recycling process
Second, to assess the environmental gains of recycling
materials, the quantity of target material effectively
recovered, and the beneﬁts due to avoiding the need for
mining new resources needs to be quantiﬁed. This
assessment requires accounting for both the EI of the
recycling processes, as well as the gains due to the
secondary materials generated. Quantitative evaluation of
the EI of WEEE is still limited [45]. Nonetheless, LCA
methodologies provide a quantitative understanding of EI,
as well as detailed procedures, permanently updated
databases and comprehensive software that enable a
holistic and standardised assessment [17]. Therefore,
LCA has been chosen for the calculation of the EI in this
research. The Net Environmental Gain (NetEG) of
recycling a product is calculated by Eq. (16); which is
aligned with the indicators proposed by Nelen et al. [17].
NetEG ¼ Σmi¼1REGi –REIi (16)
REGi ¼ Mi*Y i*P_EIRMi (17)
The proportion of recovered environmental impact REG
of a product in a speciﬁc recycling process is calculated by:
REG_P ¼
Σmj¼1Mj*Y j*P_EIRMj
Σni¼1Mi*P_EIOMi
(18)
where:
n = Number of materials in product
i: Index for all materials present in the product
m = Number of recycled materials
j: Index for recycled materials
REG = Recycling Environmental Gain: Avoided envir-
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onmental impact by recycling a material in millipoints
(mPt).
REI = Recycling Environmental Impact of processes for
a material (mPt).
Mi = Mass of material i present in the product (kg).
Yi = Yield of extracted material i (%).
P_EI = Potential Environmental Gain: Environmental
impact of material mining and production (mPt/kg).
RM = Material that is replaced by the secondary material
OM: Original Material present in the product.
Third, to account for the level of material downcycling
when the material that is replaced by the secondary
material (RM) is not known, the indicator of material
cycles closure proposed in [17] is utilised and presented in
Eq. (19). This indicator uses the ratio of the price of the
secondary material and the price of the virgin material used
originally in the product. This approach is in line with prior
research that suggests a relationship between economic
value and retained material quality and therefore environ-
mental gains from secondary materials [56–59]. It is as
well aligned with the substitution allocation method for
LCA, as speciﬁed in the International Reference Life Cycle
Data System ILCD Handbook [60].
P_EIRM ¼ P_EIOM*
PriceRM
PriceOM
(19)
2.8 Recycling potential at a country level
Quantitative information at a national level on the
quantities of generated WEEE is rarely available [18];
furthermore, there is no established method to calculate
these amounts [61]. In this section, the methodology
proposed by Peeters et al. [22] is used to forecast the
WEEE generated in Belgium, in which a distribution delay
input-output forecasting method is employed to predict the
amount of discarded e-waste materials using product’s
lifetime distribution. The required inputs for this method
are collection rate, put on market data and average lifetime
distribution data of products. The number of products
discarded in year yw is calculated with formula (20):
FQðywÞ ¼ Σys¼yw – 10

Dðys,ywÞ*QSðysÞ

*SðywÞ (20)
where:
SðywÞ = Collection rate (%) of products for year yw
QSðysÞ = Total quantity of products sold in year ys
Dðys,ywÞ = Probability that a product sold in ys will be
discarded in year yw.
The probability Dðys,ywÞ is calculated using a Weibull
distribution with two parameters: shape (αðysÞ) and scale
(βðysÞ):
Dðys,ywÞ ¼
αðysÞ
βðysÞ
yw – ys
βðysÞ
 !αðysÞ – 1
e
–
yw – ys
βðysÞ
 αðysÞ
(21)
Finally, the forecast of the amount of discarded materials
is calculated with the following equation:
FCðyw,iÞ ¼ Σys¼yw – 10

Dðys,ywÞ*QSðysÞ*M ðysÞ*Cðys,iÞ

*SðywÞ
(22)
where:
M ðysÞ = Average mass of product in year ys
Cðys,iÞ = Average proportion of material i in year ys
In this research, due to lack of data on the evolution of
material composition, the composition determined in
section 2.2 is utilised to forecast the amount of discarded
materials; this overlooked changes in material composition
over the years but still gives a good indication of the
quantities discarded. Data on product sales for LCD TVs
are taken from Peeters et al. [22], the Weibull parameters
estimated by Wang et al. [62] for the Netherlands were
used as it is considered that Belgium has a similar market
size. There is only limited data on the LCDs collected for
recycling in Belgium, so as suggested by Peeters et al. [22]
the collection rate of 92% estimated by Huisman et al. [63]
for the Netherlands is used for the forecast in this article.
3 Results and discussion
3.1 Material characterisation
The result of the material characterisation of 110 LCD TVs
is presented in Figure 2, which shows the material
composition of an average LCD TV. Based on the
performed material characterisation, the average PM
content of the PWBs of LCD TVs is 77 ppm Au,
550 ppm Ag, 10 ppm Pd, and the copper concentration is
18 wt%.
Taking the virgin material price as an upper bound for
material revenue, it is calculated that the economic value of
an average LCD TV is 22 EUR; PWBs contribute with
23% of this value, the SSB being the most important PWB
with 14% of the total value. The sum of all plastic
components accounts for 43% (9.5 EUR) of the value,
being the housing the main contributor with 24% (5.3
EUR). To calculate the material revenue of the LCD
module, an indium concentration of 26 g / tonne was
utilised for the calculations [17]. The material values used
for the economic evaluation are included in Table S1 of the
Supplementary material.
The total EI for the material production of an average
LCD TV accounts to 10114 mPts; 36% is due to materials
used in PWBs: SSB 17.3%, T-Con 9%, and power supply
8%. Plastics account for 21% of the EI, being the
contribution of the housing components12 %. The Fe
metal parts represent 15.5 % and the LCD module 10 %.
Figure 3 presents a graphical representation of the three
dimensions analysed, economic value in the Y axis, EI in
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the X axis and the size of the sphere represents the mass of
the different components present in an average TV.
3.2 Material ﬂow analysis
Material separation efﬁciency tables with purity and yield
for the various fractions of the analysed recycling plant
were built for the primary treatment processes. The
obtained separation efﬁciencies can be found in Table S2
of Supplementary material. With the calculated input from
the material characterisation in section 3.1 and the
computed separation efﬁciencies, an MFA was performed
for the primary treatment recycling plant. Figure 4 shows
the distribution of the different materials in the output
streams of the recycling process for one tonne of LCD
TVs.
It can be seen in Figure 4 that most of the Ferrous metals
(99%) and Aluminium (92%) end up in the appropriated
end-processing treatment. In contrast, PWBs are distrib-
uted among various output streams, resulting that only
about one-third is treated in a PM reﬁnery. The same holds
true for the plastic fractions, of which only 19% is sent to
Fig. 3 Average material composition of 110 LCD TVs
Fig. 2 Schematic view of recycling processes analysed
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be recompounded. Accordingly, the fate of most of the
plastics (75%) is the incineration plant.
3.3 Recycling performance
Including the recovery efﬁciencies at end-processing,
which are based on literature and can be found in Table
S3 of the Supplementary material, Table 1 shows the
effective recycling rate (ER) of materials by the entire
recycling chain. With this rate, the proportion of recovered
economic value and EI is computed, Figure 5 plots the
recovered value and EI in relation to the potential obtained
in section 3.1 for the different materials. Table 2 shows the
NetEG, REG and REI per kg of the different analysed
materials. The total calculated ER indicates that 48% of the
total mass of materials present in LCD TVs are effectively
recycled and therefore can be used as secondary raw
materials; regarding EI only 43% of the total potential for
avoiding EI through recycling can be effectively recov-
ered. As for the economic analysis, taking prices for
secondary materials from publicly available web pages,
which are presented in Table S1 of the Supplementary
material, it is calculated that 39% (8.5 euros) of the value
of an average TV is recovered, excluding processing costs.
This value serves as an indication of the investment that
could be put into improving separation and end-processing
of materials to obtain high-quality recyclates that can
substitute virgin material.
These rather low recovery rates are mainly because of
the low recycling efﬁciency for PWBs and plastics. PWBs,
as shown in Figure 4, are dispersed in across the different
output fractions during primary treatment, which hampers
the recovery of PM despite the high recovery rate of more
than 95% of end-processing for PMs available in
industrialised countries [20, 64]. This ﬁnding is in line
with prior research that has found similar recovery rates for
PM after shredding processes [44, 65]. Effective separation
of plastics is challenging as the commonly used density
separation process are ineffective for the plastics with
overlapping densities present in LCD TVs [22, 29, 66].
Furthermore, new separation techniques based on optical
characteristics are unable to handle black plastics [29],
whereas the majority of the plastics used in LCD TVs are
black. In addition, the LCD module contributes to this
suboptimal performance as it is sent to incineration.
Conversely, the recycling rates for ferrous metals and
aluminium are quite high, 95% and 87% respectively,
which leaves little room for improvement for these
materials.
3.4 Resource potential at national scale
The presented results demonstrate that there is signiﬁcant
potential to better close the material loops for PMs and
plastics. Therefore, the relevance of improving the
recycling efﬁciency for these materials from a national
perspective for Belgium is quantiﬁed with the calculated
number of discarded LCD TVs which is provided in Table
S4 of the Supplementary material. Figure 6 shows the
forecasted mass of valuable metals that are not effectively
recycled. For the year 2016, it is forecasted that a total of
162 kg of silver, 22 kg of gold and 2 kg of palladium, as
well as 33 tonnes of Cu, are not recycled. If current
recycling processes are not improved, this would mean 330
kg, 46 kg, 4.4 kg and 67 tonnes of these metals respectively
not recovered in 2025. These unrecovered materials
represent an economic potential of 1 million euros in
Fig. 4 LCD TVs components: EI, monetary value and mass (size of the sphere)
Table 1 Effective mass based material recycling rate for LCD TVs
Material Input (kg) per 1 tonne of LCDs ER (%)
Ferrous (Fe) 354 95
Aluminium (Al) 79 87
Housing Plastics 203 29
Internal Plastics 106 0
PWBs 89 30
Wires 13 83
LCD Module 106 0
Other 52 0
Total 1000 48
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2016 and over 2 million euros in 2025 in Belgium. It is
worth noting that these ﬁgures represent the potential
revenue as no processing costs are included. Regarding EI,
there is the potential to recover about 677 000 eco Points in
2016 and over 1 376 000 eco Points in 2025, not including
the EI of recycling.
Figure 7 shows a similar analysis for plastics, which
excludes processing costs; it can be seen that only High
Impact Polystyrene (HIPS) presents a notable recycling
rate with 200 tonnes of the total 252 tonnes recycled in
2016. However, overall a total of 873 tonnes are not
recycled and will end up at Incineration plants in 2016 and
1774 tonnes for 2025. These unrecovered materials have
an economic potential in the order of 2.3 million EUR in
2016 and 4.7 million in 2025. Regarding EI, there is the
potential to recover about 410 000 eco Points in 2016 and
over 978 000 eco Points in 2025, not including the EI of
recycling. One of the most relevant plastic waste streams is
ABS+ PC+ FR (P), which has a large mass share and
signiﬁcant economic value, it is currently incinerated,
which represents a cost of ~160 euro/tonne [23]. This
plastic stream is mainly used for the housing of the TVs,
which can facilitate its identiﬁcation and separation, and
has been proved to be technically feasible to recycle in a
closed loop [29].
Fig. 5 Material input and distribution to end-processing
Table 2 NetEG, REG and REI of materials
Material NetEG (mPt/kg) REG (mPt/kg) REI (mPt/kg)
Ferrous (Fe) 267.6 331 63.4
Aluminium (Al) 947 1100 153
HIPS 349.7 379 29.3
ABS+ PC 529.7 559 29.3
ABS 375.7 405 29.3
ABS+ PMMA 557.2 586.5 29.3
PC 634.7 664 29.3
PMMA 738.7 768 29.3
PET 494.7 524 29.3
Ag 156 007 157 000 993
Au 13 742 100 13 800 000 57 900
Pd 10 069 600 10 100 000 30 400
Cu 9553 9560 7
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These quantities could be seen as of little importance at a
national scale, but it has to be highlighted that this
corresponds to only one waste stream and that other waste
streams offer similar potentials [18], which can add up to
signiﬁcant material volumes, economic revenue, and
potentially avoided EI. Furthermore, the majority of
these materials are recycled in Europe, thus keeping the
recyclates within the European market, which supports the
EU strategy of circular economy and makes the EU more
resilient to raw materials imports [18].
It is worth to be noted that the collection rate for LCD
TVs, which is based on the estimation made for the
Netherlands is rather high in comparison with collection
rates for other waste streams, e.g. 41% for IT equipment in
2011 [61]. Collection rate remains one of the weaker links
in the recycling chain for most WEEE streams since a large
Fig. 6 Total and recovered EI and value of LCD components
Fig. 7 Valuable metals: Recycled with shredder based treatment vs Potential
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number of EEE do not reach the recycling plants.
Therefore, there is substantial room for improvement to
cope with the more stringent collection rates set in the
WEEE directive of 2012, 45% of all EEE put on the market
[67].
4 Conclusions and outlook
In this research, the recycling of LCD TVs is assessed by
means of the proposed method which combines input
material characterisation, MFA, economic and environ-
mental assessment and a forecasting model. Input material
composition was determined through the analysis of 110
LCD TVs from the Belgian collection system. The MFA
and separation process efﬁciencies were determined by
sampling the output fractions of a primary recycling plant
in Belgium. The analysis shows to which extent the
materials present in the waste of LCD TVs are effectively
recycled into secondary raw materials. While recycling
performance for ferrous metals and aluminium are already
relatively high, the presented results demonstrate that there
is substantial room to better close the material loops for
PMs and plastics. End-processing is already efﬁcient for
these fractions so the focus should be put on primary
treatment, where commonly applied shredded based EoL
treatments underperform for these materials. Nevertheless,
the present study shows that PWBs and plastics account for
around 66 % of the economic value in LCD TVs. Two
components: the housing (24%) and the SSB (14%) are the
most relevant from an economic standpoint. Similarly,
PWBs and plastics contribute to around 57% of the EI; the
components SSB (17 %) and housing (12%) being the
most signiﬁcant contributors. Secondary materials from
LCD TVs in Belgium in 2016 are forecasted to achieve a
total recycling potential of 1400 tonnes of steel, 311 tonnes
of aluminium, 82 tonnes of copper (including Cu from
wires), 1180 tonnes of plastics, 193 kg of Ag, 29 kg of Au
and 3.5 kg of Pd. With the current, shredder based
recycling technology only around one-third of the PM and
housing plastics are recycled; meaning that for these
components, at a national level, the potential for improve-
ment represents 3.3 million euros in 2016 and 6.8 million
euros in 2025.
The present study points out that the weight targets
speciﬁed in the European WEEE Directive do not foster
the recovery of PMs and plastics in spite of their signiﬁcant
economic value and environmental relevance. Further-
more, commonly used mechanical shredder based pro-
cesses underperform for the recovery of these valuable
materials; the present study provides a more systematic
approach to identifying opportunities to improve recycling
performance; which can be done by the development of
novel recycling technologies. It is worth noting that many
operational pre-processing recycling plants, which are
mostly small and medium-sized companies, are designed
empirically, based on experience with past system
performances; a more systematic approach will enable
the evaluation of the economic viability of the implemen-
tation of novel techniques. For instance, improvement of
the recovery efﬁciency and quality of the obtained
secondary materials can be achieved using manual
disassembly steps; however, the beneﬁts regarding eco-
nomic and ecological performance have to be contrasted to
the related treatment costs and generated impact. Further-
more, the presented approach can also be used to identify
components such as the LCD module in TVs, which has a
limited economic value but substantial environmental
Fig. 8 Plastics: Recycled with shredder based treatment vs Potential
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relevance, for which recycling can be fostered through
policy instruments.
One of the main challenges recycling companies
currently face to improve recycling processes by means
of modelling techniques is data availability. During this
research, it was noted that material characterisation
techniques still face major limitations to identify certain
materials and additives, as it is the case for plastics.
Furthermore, better data on the generation of WEEE and
product material composition evolution are needed to
improve the forecast on resource potential of the different
waste streams in WEEE and to monitor the compliance
with recycling targets.
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